Abstract: Drainage of groundwater by surface water, i.e. groundwater inflow into a stream or lake, is an essential component of the water balance. Moreover, the drainage and its spatial distribution determine geomorphological processes taking place in the riverbed. In order to identify the spatial distribution of groundwater inflow into the river, prototypes of two new meters filtrometer and gradientmeter ) were designed and developed. The filtrometer allows to directly measure the groundwater-surface water seepage through bottom sediments at the place where the meter is embedded into the riverbed. The gradientmeter allows to measure hydraulic gradient within bottom sediments between groundwater and the river. Both parameters measured directly in the riverbed allow to specify the conditions of groundwater flow through bottom sediments. The field research studies conducted by means of the specified meters ( filtrometer and gradientmeter ) within the Parsęta River valley at Storkowo were aimed to investigate the drainage of groundwater and its conditions. A section of the Parsęta River with a length of 1600 meters and having no tributaries was selected. Three series of field measurements: spring, summer and autumn ones were conducted. During each series approximately 30 measurements were made by means of the filtrometer and the gradientmeter. The conducted measurements made it possible to calculate flow rates of the drainage of groundwater within the examined section of the Parsęta. The obtained results were verified on the basis of control measurements with the application of the differential river flow method. Moreover, it was possible to assess the spatial distribution of specific discharge, hydraulic gradient and hydraulic conductivity in bottom sediments of the Parsęta. On an annual basis, the largest drainage of groundwater was found within meander erosive areas where it reached nearly 150 % of the average value for the examined section within the Parsęta valley. Within meander accumulative areas, the drainage level was at approximately 110 % of the average value. At straight sections the drainage of groundwater was the lowest and amounted about 66 % of the average value. The research studies conducted in the Parsęta valley confirmed the usefulness of the new method to assess the drainage of groundwater and its conditions within the river.
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aim of research
Interactions between surface water and groundwater in the hyporheic zone are a relevant element of the water-cycle balance and have a significant impact on the course of the riverbed processes ( Kalbus et al. 2006 ) . Groundwater inflows reaching -through sediments -the riverbed are heterogeneous and their spatial distribution has been poorly recognized so far ( Sanders 1998 ; Wolf et al. 1991 ) . The intensity and direction of water flow depends on the hydraulic parameters of bottom sediments as well as the hydraulic gradient between anaquifer and a river.
The field studies conducted within the Parsęta River valley at Storkowo were aimed to experimentally identify the spatial distribution of hydraulic parameters determining the intensity of groundwater drainage by the Parsęta River ( i.e. the inflow of groundwater into the river ) within the examined river section ( chudziak 2014 ).
Measuring instruments
Two new measuring devices: thefiltrometer and the gradientmeter, designed and constructed for measurements in the hyporheic zone ( Marciniak, chudziak 2015 ) , were used to carry out out the research.
filtrometer
The most important element of the filtrometer ( fig. 1 ) is a dome-shaped chamber ( 1 ). It is made of a steel pipe with a diameter of 34 cm and a height of 30 cm with a tightly-welded ellipsoidal lid, to which a bracket is attached ( 5 ). The dome--shaped chamber is embedded at some specified depth, in the bottom of a stream or water reservoir. This depth can be regulated ( limited ) by a sieve made of perforated sheet-metal ( 2 ) mounted inside the chamber. This sieve is not visible when placing the chamber in sediments, thus a rim ( 3 ) is mounted outside the chamber at the level of the sieve, allowing to measure the depth at which the chamber is embedded into sediments. This rim ( 3 ) can be fed with water which -flowing under pressure through holes within the rim circumference -facilitates aking the filtrometer out of the riverbed or reservoir bottom. The sieve ( 2 ) simultaneously serves as a pressing unit which consolidates sediments disturbed when installing
fig. 1. construction of filtrometer ( a ) and gradientmeter ( b )
Explanations : 1 -dome-shaped chamber , 2 -pressure sieve, 3 -rim/ perforated pipe with water supply, 4 -vent valve, 5 -bracket , 6 -movable plate, 7 -hose, 8 -reservoir, 9 -measuring tank for infiltration, 10 -measuring tank for drainage, 11 -piezometer measuring tube, 12 -measuring tube for surface waters, 13 -piezometer embedded into bottom sediments , 14 -screen, 15 -pressure ring , 16 -hose submerged in surface waters, 17 -valve, 18 -handle.
Source : authors' own study. the dome-shaped chamber. Outside the chamber there is a vent valve ( 4 ) which, when the chamber is embedded, is open to prevent producing excess pressure. The measuring set consists of a movable plate ( 6 ) at which a tank is mounted ( 8 ), connected by a hose ( 7 ) with the chamber ( 1 ). The plate is equipped with a tank ( cylinder ) to measure infiltration ( 9 ) and a tank to measure drainage ( 10 ) . All measuring tanks are made of Plexiglas pipes with an internal diameter of 4 cm ( Isiorho, Meyer 1999 ; chudziak 2014 ) .
The flux density of water drainage, i.e. the specific discharge q d in the domeshaped chamber with its specified surface F and at specified time t d can be determined through measuring the level ( volume ) of water V d in the tank ( 10 ) ( Baxter et al. 2003 ; Janik et al. 1989 ) .
( 1 ) Similarly, it is possible to determine the flux density of water infiltration q i in the chamber with its specified surface F and at specified time t i through measuring the level ( volume ) of water V i in the tank ( 9 ).
( 2 )
As a result of a single measurement, it is possible to obtain the level of flux density of water drainage or infiltration at a specific point where the dome-shaped chamber was embedded into bottom sediments. In order to recognize the spatial variability of drainage or infiltration, measuring tasks should be performed along several transverse profiles across a river, or at several measuring points located on the bottom of a water reservoir, at distances suited for the required accuracy of this hydrological recognition ( Murdoch, Kelly 2003 ; Rosenberry 2008 ) .
gradientmeter
The hydraulic gradient between the aquifer and the river can be measured using the gradientmeter ( fig. 1b, Photo 1 ) . It consists of two interconnected measuring pipes. Its longer pipe ( 13 ) is pressed into sediments to a depth which corresponds to the depth at which the dome-shaped chamber of the filtrometer was embedded. There is a screen in the lower part of the pipe ( 14 ) through which water from the aquifer flows inside. The hose ( 16 ) is attached to the shorter pipe of the gradientmeter which is placed in a river or water reservoir. To measure the difference in hydraulic head between a river and an aquifer, suction should be applied by sucking-in air through the valve ( 17 ). It will lead to a rise of water in both pipes up to the level of the calibrated measuring tubes ( 11 ) and ( 12 ) ( Winter et al. 1988 ; chudziak 2014 ) .
When drainage takes place, the level of water in the pipe immersed in surface water is lower than in the pipe embedded in bottom sediments. Hydraulic gradient i d is calculated by dividing the difference in pressure Δh d by the depth Δl at which gradientmeter is embedded into bottom sediments. ( 3 ) However, when infiltration is observed, the level of water in the pipe immersed in surface water is higher than in the pipe embedded into bottom sediments. Hydraulic gradient i i is calculated by dividing the difference in pressure Δh i by the depth Δl at which the gradientmeter is embedded into bottom sediments.
( 4 )
Measurements made by means of the filtrometer and the gradientmeter allow to calculate hydraulic conductivity of bottom sediments making use of the following formulas:
( 5 ) ( 6 ) characteristics of the study area An upper section of the Parsęta River closed with a gauging station near Storkowo in the district of Stargard ( powiat stargardzki ) was selected for field measurements on the drainage of groundwater by surface waters.
Within this upper section, the river valley is narrow, flat-bottomed and has relatively gentle slopes. At some places the valley cuts into the moraine upland at a depth exceeding 30 m. In this area, the Parsęta often changes its direction of flow -from latitudinal to meridional ( Kaniecki 1994 ) . Its development indicator within this area ( at 1.57 ) allows to classify it as a meandering river. The river length from its spring to the hydrometric profile set to test the filtration parameters of bottom sediments is 15.34 km, while the catchment area -74.77 km 2 ( fig. 2 ) . The river gradient within this area reaches 4‰ on average and the catchment area slope -8.4‰ ( Kostrzewski et al. 1994 ) .
The Parsęta River is characterized by the ground-snow-rain regime of its supplies. The highest water level in the river is observed after spring snowmelts, from february to April. Starting from spring snowmelts, the river discharge decreases until autumn ( Kostrzewski et al. 1994 ) . Water level of the upper Parsęta has a little annual amplitude of fluctuations. Between 1951 -1975 the amplitude was 111 cm ( Kaniecki 1994 ) while between 1986 -1993 it was 87 cm ( Kostrzewski et al. 1994 ) . Higher levels ( compared to the average ) persist from november to May, while lower ones occur in the summer months. ( Kostrzewski et al. 1994 supplemented ) on the basis of the highest flow to the lowest flow, amounted to 34.8 ( Szpikowski et al. 2006 ). The river is characterized by that its supply is overwhelmingly dominated by groundwater inflow ( Kaniecki 1994 ; Kostrzewski et al. 1994 ) . Due to the lithology of the area and extensive land declines, the upper Parsęta catchment has favorable conditions of the infiltration of precipitation waters ( choiński 1998 ) which feed the river through underground paths. Between 1986 -1993 its groundwater recharge amounted up to 93.5 % of the river runoff ( Kaniecki 1994 ; Pociask-Karteczka 2003 ) .
It should be noted that the Parsęta within its upper course is a river with highly dynamic fluvial transport. Bottom erosion and lateral erosion are the main processes which determine the intensity of fluvial transport as well as the type and origin of transported material. At low water levels there is an increase in the intensity of bottom erosion which leads to the elution of substrate material and deepening of the riverbed. At high levels, there is an increase in the amount of transported material originating from the destruction of the riverbed banks due to increased lateral erosion ( Kostrzewski et al. 1994 ) .
research methodology
To measure the drainage of groundwater by the river, a section of the Parsęta River with a length of 1580 m measured in the main current was selected in the north-western part of the upper Parsęta catchment, near Storkowo. Attempts were made to select such a section within the river which is characterized by a diverse course ( i.e. with straight stretches and meanders ). Moreover, a section with no tributaries was sought. fourteen morphometric profiles ( from PM_1 to PM_14 ) were set on the river where measurements on the drainage were made by means of the filtrometer and the gradientmeter ( fig. 3 ).
These morphometric profiles were set at straight stretches of the river as well as its meanders. It was decided to thoroughly examine the intensity of drainage within a selected meander, where nine morphometric profiles were located ( from PM_3 to PM_11 ). At the profiles two up to three measurements of the drainage were planned to be made by means of the filtrometer and the gradientmeter depending on the river width and capability to embed the filtrometer dome--shaped chamber into the river bottom. The PM_1 and PM_12 outermost profiles fulfilled the additional function of hydrometric profiles at which measurements of river discharge were conducted with the application of an electromagnetic current meter made by SeBA Hydrometrie.
On the basis of the laboratory tests it was determined that the optimal depth of embedding thea filtrometer and the gradientmeter into bottom sediments should be 20 cm. In order to confirm the above depth in field conditions, four series of measurements were conducted taking into consideration dependencies of measurement depths on the hydraulic gradients, which was covered in detail in a paper by chudziak ( 2014 ).
The stabilization of filtration conditions inside the filtrometer chamber depends on the type of bottom sediments as well as the dimensions of the chamber and its depth of embedding into the bottom. Therefore, stabilization times should be defined individually for any river or water reservoir. On the basis of field tests ( chudziak 2014 ) it was found that the stabilization of filtration conditionswhen measuring the drainage of groundwater by the Parsęta River -should take 20 minutes at least.
Three series of measurements were conducted on the drainage of groundwater by the Parsęta river at various times of the year. The first series was taken in spring, the second one -in summer, while the third one -in autumn 2012.
Due to the location of the measurement points within parts of the river characterized by some diverse fluvial processes, for each series, the measuring points are divided into three groups ( Tab. 1, 2, 3 ; fig. 7 ): -points located within meander erosive areas ( dark grey ) ; -points located within meander accumulative area ( light grey ) ; -points located at straight sections of the river ( white ). fig. 3 . Location of morphometric profiles in the selected section of the Parsęta River 
results of measurements spring series of measurements
In the spring season, thirty measurements on the drainage of groundwater by the Parsęta river were conducted from 28.04.2012 to 1.05.2012. Due to the river width, which -along the examined section -generally does not exceed 6.0 m, and due to little depths of the river averaging 0.40 to 0.50 m, three measurements were conducted only at two morphometric profiles ( PM_8 and PM_9 ). As for the remaining twelve profiles, the measurements were conducted at two points. At each profile, the measuring process was started with probing the river depth. Points with a relatively flat bottom were selected. Due to the filtrometer design constraints, points where the river depth exceeded 0.32 m were selected. Moreover, attempts were made to select points with relatively uniform bottom sediments which allow to embed the filtrometer dome-shaped chamber at any required depth and reduce the likelihood of preferential flow paths ( Brodie et al. 2009 ). After selecting measuring points, the filtrometer and the gradientmeter were placed on the river bottom. These instruments were embedded inte the riverbed at non-trodden places. Stepping on a thin layer of silt in the riverbed could potentially damage it and reduce filtration ( Rosenberry, Morin 2004 ) . After preparation of the measuring instruments, at each point, flow conditions inside the filtrometer chamber were stabilized for at least 20 minutes. Then measurements of the drainage were made. The following parameters were measured: level ( volume ) of water V d filtering through the filtrometer chamber at a time t d , difference in water levels Δh d between the aquifer and the river, and water temperature T ( Photo 1 ). The results are presented in Tab. 1.
summer series of measurements
Due to low water levels in the river in the summer season, twenty-seven measurements on the drainage of groundwater by the Parsęta River were conducted from 30.07.2012 to 1.08.2012. The methodology of selecting measuring points, stabilization of the instruments and measurements themselves were the same as during the spring series of measurements. The results are presented in Tab. 2.
autumn series of measurements
In the autumn season, twenty eight measurements of the drainage of groundwater by the Parsęta River were conducted from 1.11.2012 to 4.11.2012. The methodology of measurements was the same as during the spring series of measurements.
The results are presented in Tab. 3. 
interpretation of results
After the analysis of partial measurements a high changeability of the measured parameters was observed: within the morphometric profile, along the measurement section and in different parts of the year. During the spring series of measurements, the spread of the obtained values of specific discharge q d ranged from 3.56e-04 to 3.31e-03 cm 3 · s -1 · cm -2 . The distribution of hydraulic gradient values i d -to a large extent -reflects the distribution of specific discharge q d . The obtained gradients ranged from 0.025 cm to 0.885 cm. In the case of the obtained hydraulic conductivity k 10d the variability is considerably lower. The spread of the obtained values ranged from 2.35e-05 to 1.64e-04 m· s -1 . The changeability of the discussed parameters during the spring series of measurements is shown in fig. 4 .
During the summer series of measurements the obtained variability of specific discharge q d was higher compared to the spring series. The highest value equal to 5.11e-03 cm 3 · s -1 · cm -2 was observed at the eleventh measurement point at the PM_6 profile, then the lowest value equal to 5.47e--05 cm 3 · s -1 · cm -2 at the twentieth point at the PM_11 profile. The largest specific discharge evenness q d was observed at the PM_1, PM_5 and PM_14 profiles. All of them were located at straight stretches, with relatively levelled shapes of the riverbed. Then the highest variability was observed at the PM_4, PM_6, PM_7 and PM_9 profiles. All these profiles were located at curvy stretches, within meanders, where the river bed varies in shape. During the summer series of measurements, the distribution of hydraulic gradi- fig. 4 . Results of the spring series of measurements of drainage in the Parsęta River ent values i d also matches the distribution of specific discharge q d . The obtained gradient spread is, however, smaller than in spring and ranges from 0.020 cm to 0.545 cm. In contrast, the variability of hydraulic conductivity k 10d was reported to be by far higherfrom 2.03e-05 to 2.30e-04 m · s -1 . The diversity of the above parameters during the summer series of measurements is shown in fig. 5 .
During the autumn series of measurements the lowest spread of specific discharge q d was obtained when compared to the previous series. The highest value equal to 1.90e-03 cm 3 · s . The diversity of the above parameters during the autumn series of measurements is shown in fig. 6 .
Analyzing the temporal variability of specific discharge q d , at various times of the year, the following regularities and differences were reported. During the autumn series of measurements specific discharge was the lowest at most of the morphometric profiles. By contrast, during the summer series of measurements it was the highest at most of the morphometric profiles. The profiles -located at straight sections of the river and having levelled transverse cross-section of their beds -were characterized by lower and fairly levelled specific discharge ( Klimaszewski 1978 ) , specific discharge values are characterized by higher diversity, both within an individual profile and at different times of the year. The PM_4, PM_6, PM_7, PM_9 and PM_10 profiles can be given as examples. At these profiles the specific discharge values are higher at points located within areas where intensive erosion takes place and lower at points located within sediment accumulative areas. The above dependency is best seen at the PM_7 profile. This profile is located at the beginning of the largest meander within the examined section of the Parsęta River. The riverbed at this profile represents a typical shape of erosive and accumulation meanders ( Klimaszewski 1978 ) . Its left bank is within the largest river main current where lateral erosion is the most intense. In contrast, the right bank, being a meander deposition area, is dominated by river accumulation.
In all the three measurement series, two measurements of drainage were conducted at the PM_7 profile. The measurement points were placed at a distance of 1 m from one another. The first point starting from the left bank was located within the largest deepening of the erosive area ; another one -within the shallower accumulative area. Within the erosive area of the river groundwater inflow was significantly higher. This occurrence is certainly caused by high hydraulic gradient, which results from the elevation of bottom sediments from within this area by fig. 6 . Results of the autumn series of measurements of drainage in the Parsęta River the river which, in turn, causes its deepening. Moreover, when finer sediments are washed out within the erosive areas, thicker fractions characterized by higher permeability are left. The landforms in the immediate vicinity of this meander matters as well. The meander front, at which the PM_7 profile is located, cuts into an escarpment at a height of several meters ( Photo 2 ). Taking into consideration that in most cases the surface of the groundwater table reflects the land relief ( Pazdro, Kozerski 1990 ) , it can be assumed that the water table at the left bank is higher than the one at the right bank, which further increases groundwater inflow into the river from the left bank. In contrast, within the accumulative areas, lower hydraulic gradient and lower permeability of sediments can be found due to the dominating presence of finer fractions. Moreover, this river bank is adjacent to some flat area. Within such areas groundwater inflow into the river is smaller.
As a result of all the three series of field measurements, in total, eighty five point measurements were conducted on the drainage of groundwater in the Parsęta River. for each series, its measurements were sub-divided into three groups: points located within meander erosive areas ( dark grey ), points located within meander accumulative areas ( light grey ) and points located at straight sections of the river ( white ). The following average values were calculated for each group of points: specific discharge q d , hydraulic gradient i d and hydraulic conductivity k 10d . The obtained results were compared to the average values obtained for all the measurements in the series. On these grounds, percentage share of groundwater inflow of the Parsęta River at the test section was calculated taking into consideration the location of measuring points lin each of the three groups.
summary and conclusions
During all the series of measurements the largest groundwater inflow into the Parsęta River, expressed through specific discharge q d , was found within meander erosive areas. During the spring and summer series it accounted for over 150 % of average supplies, but during the autumn series -over 120 %. Within meander accumulative areas during the spring and autumn series, groundwater supplies of the river were close to the average, and during the summer series they significantly exceeded it reaching more than 130 % of the average level. The lowest value of groundwater supplies of the river occurred at the measuring points located at straight sections.
The distribution of hydraulic gradient i d follows a similar path. The highest values of hydraulic gradient were found within meander erosive areas at which, at each series of measurements, these values far exceeded the average gradient. The lowest gradients were found for straight sections.
